To evaluate the sensitivity of in situ detection of the Theiler's virus genome, we hybridized BHK-21-infected cells with antisense riboand oligonucleotide %-labeled probes. The sensitivity achieved with the anti-sense 280-nucleotide riboprobe was similar to that obtained with a 93-mer oligonucleotide probe. However, more reproducible and accurate results were obtained with the riboprobe. With long exposure times, the
Introduction
In situ hybridization (ISH) is the method of choice for detection and localization of cellular or viral gene transcripts at the singlecell level. The method is now widely used to follow the expression of a single gene in tissues at the single-cell level. In the field of virology, this allows the study of viral transcription of specific genes, a question of great interest in persistent infections (1, 7, 16) . Theiler's virus is a murine picornavirus which causes a persistent infection of the central nervous system (CNS), accompanied by chronic inflammation and primary demyelination (13) . In this type of infection, studying viral genome expression or myelin mRNA levels by in situ hybridization is extremely useful for analysis of viral pathogenesis (4, 1416) .
The probes most commonly used for ISH are radiolabeled because they provide high sensitivity and allow quantification of mRNAs at the single-cell level by counting the silver grains. Double-stranded DNA probes (labeled by nick-translation or random priming) are now largely superseded by %-labeled RNA and oligonucleotide probes. RNA probes offer high sensitivity because of their high specific activities, their high genetic complexities, and their high efficiencies of hybridization owing to the stability of RNA-RNA hybrids. However, they require cloning of the sequence of interest in specialized transcription vectors and, because of their high specific activities, hybridization with excess of probes Supported by grants from the CNRS, the Institut Pasteur Founda-* Correspondence to: S. Ozden is difficult to achieve. The use of synthetic oligonucleotides ( 5 ) provides significant advantages for ISH. The relatively small size of oligonucleotide probes favors penetration into cells but limits complexity and sensitivity. The lack of genetic complexity of oligonucleotides can be somewhat compensated for by mixing several oligonucleotides complementary to the RNA transcript of interest.
The purpose of our study was to compare the sensitivities of these two kinds of probes in BHK-21 cells infected by Theiler's virus. We showed that similar sensitivities were achieved with riboand oligonucleotide probes in spite of the ddference in complexity of these probes.
Materials and Methods
Virus and Cells. BHK cells were infected at different multiplicities of infection (m.0.i) with the DA strain of Theiler's virus. Cells were harvested with trypsin, washed twice with PBS, and deposited on Denhardt's mediumtreated slides (2) with a cytocentrifuge (2 x lo4 cells per slide). After airdrying for a few minutes the cells were fixed in cold 4% paraformaldehyde (PFA) in PBS for 20 min, quenched by immersion for 20 min in ice-cold 0.15 M ethanolamine (pH 7.5), rinsed in PBS, paraffin-embedded, and stored in a dry atmosphere (3) .
Preparation of Probes. Riboprobes were prepared according to Wilkinson et al. (I>) , as modified by Sassoon et al. (14) . Viral cDNA was cloned in Bluescript vectors and transcribed with high efficiency from the T3 bacterial promoters to make anti-sense cRNA. The insert contained 280 BP of viral cDNA. Linearized plasmid DNA (300 ng) was transcribed in the presence of [3'S]-UTF' 1250 Ci/mmol (Amersham; Poole, UK) (final concentration 2.5 pM) as previously described (12). DNA templates were digested with RQ1 DNAse for 15 min at 37'C. The RNA transcripts were hydro-lyzed in 40 mM NaHC03, 60 mM Na2C03 (pH 10.2) at 60°C to obtain fragments of 80-100 nucleotides, according to Cox et al. (6) . Probes were purified by chromatography on a Sephadex G-50 column, precipitated with 2.5 volumes of ethanol and 0.3 M sodium acetate.
A synthetic oligonucleotide 93 bases long complementary to viral mRNAs was purified by PAGE and 3' end-labeled using terminal transferase and [35S]-dATP (1200 Cilmmol) (Amersham SJ 1334). as described by Jordan et al. (8, 9) . This probe was purified on a Sephadex G-50 column before in situ hybridization.
Treatments Before In Situ Hybridization. BHK cells from which paraffin had been removed with xylene were rehydrated by dipping the slides once in 70% ethanol, once in distilled water, and once in PBS. The sections were then treated with 1 vglml of proteinase K for 15 min at 37'C, followed by fixation for 5 min in 4% paraformaldehyde dissolved in PBS. The slides were then acetylated and dehydrated as described (12).
In Situ Hybridization and Post-hybridization W a s h e s . The hybridization mixture contained 50% deionized formamide, 0.3 M NaCl for riboprobes or 0.6 M NaCl for oligonucleotides, 20 mM Tris-HCI (pH 7.4). 5 mM EDTA. 10 mM NaHzP04-HzO (pH 8), 10% dextran sulfate, 1 x Denhardt's medium, 0.5 mglml yeast RNA, 10 mM D'IT. Twelve PI of hybridization buffer containing 3'S-labeled probe was placed on top of the cells and covered with a siliconized coverslip. The slides were incubated in a humid atmosphere for 16 hr at 5O'C or 37°C for, respectively, riboprobes or oligonucleotide probes.
Post-hybridization washes differed according to the nature of the probe.
For riboprobes, the slides were washed in 5 x SSC, 10 mM MT for 30 min at 42'C, then in 2 x SSC, 50% formamide, 10 mM MT for 20 min at 60'C. This was followed by two 10-min washes in riboprobe washing solution (0.1 M Tris-HCI, pH 7.5, 0.4 M NaCI, 0.05 EDTA) at 37°C. The slides were then treated with RNAse A (20 pg/ml in riboprobe washing solution) for 30 min at 37'C. rinsed for 15 min at 37°C in riboprobe washing solution, washed once in 2 x SSC and once in 0.1 x SSC (15 min at 37'C each time). Slides hybridized with [ 35S]-dATP-tailed oligonucleotides were washed four times for 15 min in 2 x SSC, 50% formamide at 40"C, followed by two washes in 1 x SSC at room temperature for 30 min each time, as described by Jordan et al. (8) . All slides were rinsed briefly in HzO, followed by ethanol, and air-dried. The dry slides were dipped into Kodak NTB2 emulsion diluted 1:l with 0.6 M ammonium acetate.
Results
During Theiler's virus infection, viral RNA replication and trans-lation are restricted in infected glial cells (4). Under these circumstances it is useful to establish the best approach to detect low viral copy number in infected tissues. The aim of this study was to test the practical value of in situ hybridization for viral mRNA detection using two different probes: anti-sense riboprobes and oligonucleotide probes. We compared the sensitivities of detection of viral mRNA in BHK-infected cells, which are permissive for Theiler's virus replication. In our study, BHK cells were infected at multiplicity of infection (m.0.i.) of 0.1, 1, and 3 plaque-forming units (PW) per cell and were harvested 1, 2, 3, and 5 hr after infection (Table   1 ). An aliquot of each harvest of infected cells was hybridized with anti-sense ribo-or oligonucleotide probe. Negative controls were provided by uninfected BHK cells hybridized under the same conditions as infected cells. The number of viral genomes per cell, at different m.0.i. and at ddferent times after infection, was previously estimated by comparing the extent of hybridization of Theiler's virus-specific probe to known amounts of purified viral RNA and of cytoplasmic RNA immobilized on nitrocellulose filters (3).
BHK cells were fixed with PFA and paraffin-embedded because we intended to compare our results with those obtained with tissue sections treated in the same manner. Infected and uninfected BHK cells (Figure 1) were hybridized with 0.5 ng per slide of riboprobe (specific activity 2 x lo9 dpm/ pg), and 2 ng per slide of oligonucleotide (specific activity 5 x lo8 dpm/pg). Grains per cell were counted on 100 randomly selected cells after appropriate BHK cells by ISH. (a, c) Uninfected and (b, d) infected cells were hybridized with (a, b) rib@ or (c, d) pg/viral genome x 1400 viral genomes/cell x 2 x IO4 cells/slide). Under these conditions, cRNA probe excess is difficult to achieve because of its high specific activity. Increasing the concentration of the probe resulted in a concomitant increase of background due to nonspecific binding of the cRNA to the cells in spite of RNAse treatment during post-hybridization washes.
BHK cells were hybridized with a 93-mer anti-sense oligonucleotide probe covering the 5'end of the 2A gene from nucleotides b 5 -
increased and the sensitivity dropped. For this reason, quantitative analysis was always performed with freshly labeled oligonucleotide probe.
-

Discussion
The sensitivity of in situ hybridization is defined by the minimal number of copies of the RNA of interest that can be detected. We tested the sensitivity of detection of viral mRNA in BHK cells using 35S-labeled anti-sense RNA and oligonucleotide probes. Comparing RNA-RNA in situ hybridization with the DNA-RNA method we did not observe, under our hybridization conditions, major differin this study was three times more complex than the oligonucleotide probe (280 nucleotides vs 93 nucleotides for oligonucleotides). Similar sensitivities, in spite of the difference in complexity, can be explained by a better stability of the oligonucleotide and its higher concentration in the hybridization mixture. It should be noted that the complexity of this probe could have been increased by mixing several oligonucleotides.
In this study the oligonucleotide probe yielded high background at long exposure times. This problem could be solved by using freshly labeled oligonucleotide preparations. In a previous work, using a mixture of two 50-mer oligonucleotides complementary to proteolipid protein (PLP) mRNA (11). we did not observe high backgrounds and the oligonucleotide preparation was stable. The poor stability of some oligonucleotide probes can be explained by the presence of impurities, mainly heavy metals, in some oligonucleotide preparations (Luc d'Auriol, personal communication).
The specific activity of [3JS]-dATP-tailed oligonucleotides varies with the tail's length. The efficiency of tailing depends on the activity of the terminal deoxynucleotide transferase (Tdt), an enzyme known to be unstable. For reproducible labeling, the incubation time and the amount of Tdt used must be adjusted for each new batch of enzyme. Furthermore, oligonucleotide probes are more 
Viral genomes per cell
A major advantage of the RNA probe hybridization is that it can be controlled for specificity by RNAse treatment. This step 3835 to 3928 (10). A linear correlation was observed between the logarithm of the number of grains and the number of viral genomes (Figure 2B ). Comparing the slopes of the straight lines shown in Figures 2A and 2B shows that similar levels of sensitivity were achieved with both probes. At high copy number (3 PFU per cell at 5 hr post infection), infected cells become round and began to detach, causing underestimation of viral copies for this point.
The background observed at long exposure time with the oligonucleotide was higher than that observed with the riboprobe. We observed that this labeled oligonucleotide was not very stable. After 1-2 weeks of storage at -20°C before ISH, the background of post-hybridization washes considerably increased the signal-tonoise ratio. The background observed with 6 x 105 cpm per slide of riboprobe was very low even after a long exposure time (11 days). Furthermore, the cRNA riboprobe could be kept for 6 weeks in hybridization mixture without excessive degradation and without causing background. In conclusion, detecting Theiler's virus mRNA with a %labeled riboprobe was more convenient and accurate than with an oligonucleotide probe, mainly because of the lower background observed with the former.
